Recently, it has been shown that lipoxygenase (LO) products affect the substrate specificity of human 15-LO. In the current paper, we demonstrate that soybean LO-1 (sLO-1) is not affected by its own products, however, inhibitors which bind the allosteric site, oleyl sulfate (OS) and palmitoleyl sulfate (PS), not only lower catalytic activity, but also change the substrate specificity, by increasing the arachidonic acid (AA)/ linoleic acid (LA) ratio to 4.8 and 4.0, respectively. The fact that LO inhibitors can lower activity and also change the LO product ratio is a new concept in lipoxygenase inhibition, where the goal is to not only reduce the catalytic activity but also alter substrate selectivity towards a physiologically beneficial product.
jasmonic acid synthesis, a powerful biomolecule used for plant defense against pathogens (10, 11) . sLO-1 has been consistently used as a model for 15-hLO-1 due to their mechanistic similarities in AA metabolism, both producing 15-HPETE, as well as their structural similarities in both the alpha-helical (catalytic) and beta-barrel (membrane associated) domains (5, 8) . In addition, both sLO-1 and 15-hLO-1 react preferentially towards AA over LA, adding substrate specificity to the list of similarities between these two LOs (12, 13) .
With regards to 15-hLO, there is growing evidence that substrate specificity may be the underlying cause for the advancement of certain diseases (14) (15) (16) (17) . For example, reticulocyte 15-hLO-1 reacts preferentially with LA to produce 13-HPODE, which causes prostate carcinoma cells to undergo proliferation and differentiation, while epithelial 15-hLO-2 reacts preferentially with AA to produce 15-HPETE, which inhibits cell proliferation (18, 19) . Therefore, it is proposed that 15-hLO-1 and its product, 13-HPODE, promote cancer progression, while 15-hLO-2 and its product, 15-HPETE, inhibit cancer progression. This hypothesis was recently supported by the fact that the substrate specificity of the 15-hLO isozymes is directly affected by an allosteric product-feedback mechanism (12) , which could modify the ratio of LO products in the cell, and affect its carcinogenic progression. This result of 15-hLO-1 raised the question of whether LO products affected the substrate specificity of sLO-1 as well, since sLO-1 is similar in many respects to 15-hLO-1.
In the current work, we have investigated the allosteric effect of the reduced LO products, 13-(S)-hydroxyoctadecadienoic acid (13-HODE), 13-(S)-hydroxyoctadecatrienoic acid (13-HOTrE) and 12-(S)-hydroxyeicosatetraenoic acid (12-HETE), on sLO-1 substrate specificity with the endogenous substrate mixture, ALA:LA, and the non-endogenous substrate mixture, AA:LA. These results demonstrate that there is no observed allosteric product feedback with sLO-1's endogenous products, however, the non-endogenous product, 12-HETE, increased the substrate specificity of sLO-1 towards AA, when challenged with an LA/AA mixture. Allosteric effects on substrate specificity of sLO-1 were also probed with three wellcharacterized inhibitors of sLO-1 (Figure 1 ), oleic acid (OA, competitive inhibition), oleyl sulfate (OS, allosteric inhibition) and palmitoleyl sulfate (PS, mixed-type inhibition) on the substrate specificity of sLO-1. Intriguingly, the inhibitors which bind the allosteric site (OS and PS) displayed an effect on the substrate specificity of sLO-1, correlating to their respective binding affinities towards the allosteric site (20) (21) (22) (23) , while the competitive inhibitor, OA, had no effect. These results may have implications in the potential targeting of 15-hLO in human disease.
MATERIALS AND METHODS

Materials
All commercial fatty acids (Sigma-Aldrich Chemical Company) were re-purified using a Higgins HAIsil Semi-Preparative (5μm, 250 × 10 mm) C-18 column. Solution A was 99.9% MeOH and 0.1% acetic acid; solution B was 99.9% H 2 O and 0.1% acetic acid. An isocratic elution of 85% A:15% B was used to purify all fatty acids, which were stored at −80 °C for a maximum of 6 months. LO products were generated by reacting substrate with the appropriate LO isozyme (13-HPODE from sLO-1 and LA, 13-HPOTrE from sLO-1 and ALA, and 12-HPETE from 12-hLO and AA). Product generation was performed as follows. An assay of 100 mL of 50-100 μM substrate was run to completion, extracted twice with 300 mL of dichloromethane, evaporated to dryness, and reconstituted in MeOH for HPLC purification. The products were HPLC purified using an isocratic elution of 75% A:25% B, as described above for the fatty acid purification. All products were tested with enzyme to show that no residual substrate was present, as well as tested using both analytical HPLC and LC/MS/MS, demonstrating greater than 98% purity. The reduced products were purified similarly; however, prior to purification, trimethylphosphite was added to selectively reduce the peroxide to the alcohol moiety prior to purification. Purified hydroxide products were then tested with enzyme to ensure no loss of lag phase by activation from residue hydroperoxide product. Perdeuterated LA (d 31 -LA) (98% deuterated, Cambridge Isotope Labs) was purified as previously described (24) . All other chemicals were reagent grade or better and were used without further purification.
Fatty Acid Substrate Analogues
Palmitoleyl sulfate (PS) and oleyl sulfate (OS) were prepared as previously described (21) . Oleic acid (OA) was obtained from Aldrich Chemical Co., and all fatty acids were dissolved in EtOH (95%) and stored at −80 °C (Figure 1 ).
Overexpression and Purification of sLO-1
Overexpression and purification of sLO-1 followed a protocol outlined previously (23, 25) . Briefly, following expression of the protein in BL21-DE3 (Escherichia coli), the cells were harvested by centrifugation and their membranes were disrupted by sonication. Cell debris was pelleted and the supernatant was first dialyzed against 20 mM Bis-Tris buffer (pH 6.0) and then applied to a SP-Sephadex high-flow ion exchange column (Pharmacia), which was equilibrated with the same buffer. Eluted fractions containing lipoxygenase activity were pooled, concentrated, dialyzed against 20 mM Bis-Tris buffer (pH 6.0), and applied to a MacroPrep 25-S ion exchange column (Bio-Rad). After concentration and buffer exchange into 0.1 M Borate (pH 9.2), the isolated enzyme was estimated to be greater than 90% pure (SDS-PAGE). The competitive substrate capture experiment was performed as previously described (12) . Briefly reaction mixtures of AA:LA and ALA:LA of known molar ratio (1:1) were initiated with sLO-1 (~1.0 nM, normalized to iron content) using the buffer conditions described above (100 mM Borate, pH 9.2, 22° C), and performed in an over-sized reaction cuvette. The ratio of the simultaneous product formation (15-HPETE/ 13-HPODE or 13-HPOTrE/ 13-HPODE) by sLO-1 was determined at 1 μM total substrate concentration (substrate-limiting conditions). The reaction was monitored at 234 nm with a Perkin-Elmer Lambda 40 and stopped with an acetic acid quench at ~10% total substrate consumption (100 nM). The acidified reaction mixture was extracted with dichloromethane, evaporated to dryness under vacuum, reconstituted in 50 μL of MeOH and injected onto a Phenomenex Luna (5 μm, 250 × 4.6 mm) C-18 column. The elution protocol consisted of 1 mL/min, isocratic mobile phase of 74.9% MeOH:25% H 2 O:0.1% acetic acid. The molar amount of product formation was equated to the corresponding peak areas determined by HPLC as previously described (12) . The ratio of the peak areas was then used to determine the (
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LA ratio, as previously published (12) . Considering that the amount of enzyme is 1 nM and only 50 nM of product is produced, the ratio was subsequently shown to be unaffected by varying the substrate and enzyme concentrations.
Determining the Lipoxygenase Products Effect on the Substrate Specificity of sLO-1
The product effect on substrate specificity was determined under similar conditions as describe above. Purified d 31 -13-HODE, 13-HOTrE, and 12-HETE were pre-incubated (1 -20 μM product) with sLO-1 (~1.0 -5.0 nM, normalized to iron content) subsequent to the addition of either a mixture of AA:LA or ALA:LA (1 μM substrate). The allosteric effects on substrate specificity were determined by comparing the ratio of product turnover of the controls (no addition of product) vs. experimental (addition of product), as previously described (12) .
IC 50 Assays of sLO-1 with PS, OS and OA Inhibitors, with LA as substrate
The IC 50 values of PS, OS and OA were determined by methods previously published (26) . Briefly, enzymatic assays were initiated by the addition of sLO-1 (~1.5 nM, 5μM LA) to 2 mL of reaction mixture and stirred constantly with a magnetic stir bar at room temperature (100 mM Borate, pH 9.2, 22 °C). IC 50 values were obtained by determining the change in the enzymatic rates at various inhibitor concentrations, followed by plotting the rates against inhibitor concentration. The data was fit to a saturation curve and the inhibitor concentration at 50% activity was determined (IC 50 ).
Determining the Inhibitor Effect on the Substrate Specificity of sLO-1
Reactions were carried out using the competitive substrate capture experiment as described above (100 mM Borate, pH 9.2, 22° C) with addition of PS, OS and OA, at their determined IC 50 values (11 μM, 13 μM and 1 μM for OA, PS and OS, respectively). Enzymatic reactions were initiated by the addition of sLO-1 (~1.0 -5.0 nM, normalized to iron content) using both AA:LA and ALA:LA reaction mixtures, and the (
LA ratio was obtained using the HPLC method, as described above. Experiments were also performed at 5-fold the IC 50 values, (55, 65 and 5 μM for OA, PS and OS, respectively), to determine the effect at saturating inhibitor concentrations.
Determination of the Saturating Effect of Inhibitors on the Substrate Specificity of sLO-1
The changes in substrate specificity of sLO-1 by OS and PS were determined by titrating varying amounts inhibitor and monitoring the changes in the (k cat /K M ) AA (k cat /K M ) LA ratio using the described competitive substrate capture method. The saturation curve was visualized by plotting the (
[Inhibitor] μM, however, the half saturation point and maximum effect at the saturation point were determined by graphing the
RESULTS
Determination of Substrate Specificity using the Competitive Substrate Capture Method with Substrate Mixtures of Arachidonic Acid:Linoleic Acid, and α-Linolenic Acid:Linoleic acid
The ratio of substrate turnover for sLO-1 using either AA:LA or ALA:LA reaction mixtures (100 mM Borate, pH 9.2, 22° C) were determined by monitoring the simultaneous product formation using the HPLC method described above. The competitive substrate capture (k cat / K M ) AA /(k cat /K M ) LA ratio was determined to be 1.8 ± 0.2, in agreement with the steady-state kinetic data and previously published results (12, 13) . The (k cat /K M ) ALA /(k cat /K M ) LA ratio was determined to be 0.75 ± 0.5, demonstrating sLO-1 displays a slight preference towards LA over ALA.
Determining the Lipoxygenase Products Effect on the Substrate Specificity of sLO-1
The product titration experiments with 13-HODE, 13-HOTrE and 12-HETE demonstrated no effect on the endogenous substrate mixture ratio, ALA:LA, up to 5 μM product addition. These results were anticipated since ALA and LA are structurally similar in length (19 atoms), and are only differentiated by an additional unsaturation found in ALA. Testing the product effects on the non-endogenous substrate mixture (AA:LA), it was found that 13-HODE and 13-HOTrE displayed no observable effect on the AA:LA ratio up to 5 μM product. This is different than what was observed for 15-hLO-1, where 5 μM of 13-HODE was sufficient to saturate 15-hLO-1 substrate specificity, increasing the (k cat /K M ) AA /(k cat K M ) LA ratio from 1.4 to 2.9 (12) . In contrast, the non-endogenous, reduced product, 12-HETE, did increase the substrate specificity, with the addition of 12-HETE (5 μM) increasing the (k cat /K M ) AA /(k cat K M ) LA ratio from 1.8 ± 0.2 to 2.4 ± 0.2. The 12-HETE titration data ( Figure 2 ) was fit to a saturation curve by plotting the change in the ratio ( Figure  S1 , Supporting data). The half saturation point was determined to be 28 ± 2 μM, and the maximum (k cat /K M ) AA /(k cat /K M ) LA ratio being 5.1 ± 0.3. It should be noted that 20 μM of 12-HETE is the maximum concentration that still allowed the observation of the LA and AA products by HPLC, so further saturation of the 12-HETE effect on substrate specificity could not be achieved. For comparison, 12-HETE increased the (k cat /K M ) AA /(k cat /K M ) LA ratio of 15-hLO-1 from 1.8 to 2.7, with a half saturation point of 1.1 ± 0.1 μM (12), indicating that the binding affinity of 12-HETE to sLO-1 is nearly 30-fold weaker than that of 15-hLO-1 (12) . It should also be noted that saturating amounts of 12-HETE to the allosteric site inhibit sLO-1 with both AA and LA as substrate, while 12-HETE activates the 15-hLO isozymes (12), indicating possible differences in their molecular mechanisms by which the allosteric site affects catalysis.
IC 50 Assays of sLO-1 with OS, PS, and OA Inhibitors
IC 50 enzymatic assays were performed as described above and the IC 50 values, for known sLO-1 inhibitors (OS, PS, and OA), were determined from inhibition plots (data not shown) (21) (22) (23) . The allosteric inhibitor, OS, had an IC 50 value of 1.0 ± 0.1 μM, the mixed-type inhibitor, PS, had an IC 50 value of 13 ± 2 μM, and the competitive inhibitor, OA, had an IC 50 value of 11 ± 3 μM ( Table 1 ). The IC 50 values, with LA as substrate, are in agreement with previously published inhibition kinetic results (21) (22) (23) . It is important to note that IC 50 values are not equivalent to K i values, and they are dependent on both K i and concentration of the substrate used.
Determining the Inhibitor Effect on the Substrate Specificity of sLO-1
The substrate specificity of sLO-1 was determined with the addition of each inhibitor in excess of their IC 50 values (LA as substrate) and none were observed to affect the (k cat /K M ) ALA / (k cat /K M ) LA ratio for sLO-1. These results were not surprising considering there was no observable effect on the ALA:LA ratio with product addition either. However, there was an observable effect on the (k cat /K M ) AA /(k cat /K M ) LA ratio for sLO-1 with the addition of inhibitors which target the allosteric site (OS and PS). At their respective IC 50 value, the (k cat /K M ) AA / (k cat /K M ) LA ratio for sLO-1 was determine to be 2.3 ± 0.2, 3.2 ± 0.4 and 2.0 ± 0.1 for the inhibitors PS, OS and OA, respectively ( Table 2 ). The effect of each inhibitor at 5-fold their respective IC 50 values were determined to be 4.0 ± 0.3, 4.8 ± 0.3 and 1.9 ± 0.1 for PS, OS and OA, respectively ( Table 2) .
Determination of the Saturating Effect of Inhibitors on the Substrate Specificity of sLO-1
The inhibitors, OS and PS, were further investigated and shown to display a hyperbolic saturating effect on the substrate specificity for sLO-1. OS was titrated at 0.5, 1, 2, 5 and 10 μM and the (k cat /K M ) AA /(k cat /K M ) LA ratios were determined to be 2.5 ± 0.3, 3.2 ± 0.4, 4.7 ± 0.3 and 4.8 ± 0.3, respectively (Figure 3) . The data was fit to a saturation curve by plotting Figure S2 , Supporting data). The half saturation point was determined to be 1.5 ± 0.3 μM, and at saturating conditions of OS, the maximum (k cat /K M ) AA /(k cat /K M ) LA ratio was calculated to be 5.4 ± 0.4. PS was titrated at 13, 30, and 65 μM and the (k cat /K M ) AA /(k cat /K M ) LA ratios were determined to be 2.3 ± 0.2, 3.0 ± 0.3, and 4.0 ± 0.3, respectively (Figure 4) . The data was fit to a saturation curve by plotting Figure S3 , Supporting data). The half saturation point was determined to be 118 ± 35 μM, and at saturating conditions of PS, the maximum (k cat / K M ) AA /(k cat /K M ) LA ratio was calculated to be 7.4 ± 1.6. The half saturating point determined for both inhibitors correlated well with the previously determined binding affinities towards the allosteric site (OS K i = 0.6 μM, PS K i = 140 μM) (21, 23) . The magnitude of the substrate specificity changes of sLO-1 with OS and PS are similar to that of 13-HODE and 12-HETE on 15-hLO-1 substrate specificity, which also confer a nearly 3-fold increase in selectivity towards AA over LA (12) .
DISCUSSION
In our previous report, we uncovered an allosteric product-feedback mechanism that directly affected the substrate specificity of 15-hLO-1 (12) . In order to probe if the substrate specificity of sLO-1 can also be manipulated by allosteric product binding, we investigated the effect of the addition of 13-HODE, 13-HOTrE and 12-HETE, on the substrate specificity for the endogenous sLO-1 substrate mixture, ALA:LA, and for the non-endogenous substrate mixture, AA:LA. The results from these experiments demonstrated that sLO-1 selectivity towards the endogenous substrate ratio (ALA:LA) was not affected by the addition of any of the LO products, indicating that the allosteric site does not affect the differentiation between ALA and LA, which have the same length, but different unsaturation on the methyl end of the fatty acid (Figure 1) . Nevertheless, the addition of one of the LO products did affect the sLO-1 selectivity for the non-endogenous substrate mixture, AA:LA (12), with 12-HETE increasing the (k cat / K M ) AA /(k cat /K M ) LA ratio to a maximum of 5.1 ± 0.3 μM, with an AC 50 of 28 ± 2 μM. As compared to 15-hLO-1, these results are similar in that both sLO-1 and 15-hLO-1 increase their selectivity towards AA over LA when their allosteric sites are bound by 12-HETE and indicate that allosteric binding affects the differentiation between substrate length and/or unsaturation on the carboxylate end of the fatty acid substrate (AA versus LA). Nevertheless, the binding affinity of 12-HETE to sLO-1 is nearly 30-fold less than that of 15-hLO-1, and unlike 15-hLO-1, 13-HODE did not display any observable effect on the (k cat /K M ) AA /(k cat / K M ) LA ratio of sLO-1 up to 5 μM product addition.
Given that the LO products did not effect the substrate specificity for sLO-1 with its endogenous substrates (ALA:LA), it was not surprising to observe that none of the inhibitors, OS, OA, or PS, affected sLO-1 selectivity for this substrate mixture either. However, OS did affect the non-endogenous substrate ratio (AA:LA), with a maximal ratio of 5.4 ± 0.4, with an AC 50 of 1.5 ± 0.3 μM, similar in magnitude to its K i as an allosteric inhibitor (K i = 0.7 μM) (21). The mix-type inhibitor, PS, affected the non-endogenous substrate ratio (AA:LA), with a maximal ratio of 7.4 ± 1.6 and an AC 50 of 118 ± 35 μM, which is very similar in magnitude to its secondary (allosteric) site K i ' of 140 μM (23) . OA, which is a competitive inhibitor, had no effect on the ratio. These data for the three inhibitors, OS, PS, and OA, are consistent with the hypothesis that allosteric binding elicits a substrate specificity change in sLO-1.
It should be noted that our laboratory previously observed that OS (K i = 0.7 μM) and OA (K i = 22 μM) induced an increase in the KIE of sLO-1, suggesting that both OS and OA bound to the allosteric site, albeit with different potency (21) . However, since OA does not affect substrate specificity, these results may indicate that the allosteric effects on substrate specificity are not mechanistically linked to the allosteric effects on the KIE. This is an unusual result since one would suspect the KIE for the abstraction step to be more sensitive to allosteric binding than the change in substrate specificity. Nevertheless, we have previously observed an analogous result, where the allosteric effector, 13-HODE, changed the substrate specificity of 15-hLO-1 but did not affect the observed KIE (27) . We are currently investigating these differences further in the hopes of understanding the structural change which leads to these functional differences.
In summary, these data indicate that the allosteric effect of sLO-1 and 15-hLO-1 are similar in that they both increase the AA/LA ratio, however, 15-hLO-1 achieves this change in ratio by activation (12) , while sLO-1 achieves this change by inhibition. This difference between the two LOs raises the question of whether the structural change of active site, which differentiates AA from LA, is similar. We have recently docked 13-HODE to a homology model of 15-hLO-2 (28) and proposed a potential location for the allosteric site, which is between the two domains of LO and is approximately 10 Å from the active site. We are currently mutating key residues of this potential allosteric site in both 15-hLO and sLO-1 in the hopes of confirming this hypothesis. The native function of the allosteric site in sLO-1, however, remains unclear since 12-HETE is an LO product that sLO-1 never encounters in nature. This may represent an evolutionary divergence of between human and soybean LOs, since sLO-1 retains the ability to allosterically regulate substrate specificity, yet does not bind its catalytic products (13-HPODE and 13-HPOTrE), as the 15-hLO isozymes do (13-HPODE and 12-HPETE) (12) . Once the location of the allosteric site is established for both sLO-1 and 15-hLO-1, it will be informative to compare the amino acid conservation between the two sites and their similarities/ differences. Finally, this work demonstrates that inhibitors can be generated that not only lower activity but also change the LO product ratio. This is a new concept in lipoxygenase targeting, in which the goal is to not only reduce the catalytic activity but also alter substrate selectivity towards a physiologically beneficial substrate, such as AA in the case of 15-hLO-1 and prostate cancer. An analogous change in the product ratio is observed with the inhibition of cyclooxygenase and aspirin, where aspirin reduces the production of prostaglandins, proinflammatory mediators, but does not affect the production of resolvins, anti-inflammatory mediators (29) . We are currently investigating inhibitors of the 15-hLO isozymes, in the hopes of increasing the AA/LA ratio of 15-hLO-1, while simultaneously inhibiting its enzymatic activity.
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IC 50 , inhibitor concentration at 50% inhibition AC 50 , product concentration at 50% effect Chemical structures of fatty acid substrates, arachidonic acid, linoleic acid, and α-linolenic acid and fatty acid inhibitors, oleic acid, oleyl sulfate, and palmitoleyl sulfate. Competitive substrate capture method saturation curve of (k cat /K m ) AA /(k cat /K m ) LA versus μM for sLO-1 (100 mM Borate, pH 9.2, 22° C). The half saturation point was determined to be 28 ± 2 μM of 12-HETE and the maximum effect at saturating conditions was calculated to be 5.1 ± 0.3, as determined from the change in the ratio versus ( Figure  S1 ). Competitive substrate capture method saturation curve of (k cat /K m ) AA /(k cat /K m ) LA versus [OS] μM for sLO-1 (100 mM Borate, pH 9.2, 22° C). The half saturation point was determined to be 1.5 ± 0.3 μM of OS and the maximum effect at saturating conditions was calculated to be 5.4 ± 0.4, as determined from the change in the ratio versus [OS] ( Figure S2 ). Competitive substrate capture method saturation curve of (k cat /K m ) AA /(k cat /K m ) LA versus [PS] μM for sLO-1 (100 mM Borate, pH 9.2, 22° C). The half saturation point was determined to be 120 ± 35 μM of OS and the maximum effect at saturating conditions was calculated to be 7.4 ± 1.6, as determined from the change in the ratio versus [PS] ( Figure S3 ). Inhibition Effects on sLO-1 Substrate Specificity for AA vs. LA Enzymatic assays were at performed at 1 μM total substrate concentrations in 100 mM Borate (pH 9.2) at 22 °C.
